A new method, the backcross reciprocal monosomic method, is described for unambiguously detecting and estimating genetical differences between wheat varieties for single chromosomes. The method involves using a monosomic line(s) for the chromosome(s) under consideration in a two generation crossing programme to produce reciprocal lines which have different homologous chromosomes but identical backcross backgrounds. The original monosomic chromosome can thus be used as a "tester" chromosome to examine homologous chromosome variation in a number of different varieties simultaneously. The method has been used to examine variation for chromosome 5A between thirteen varieties of diverse origins. Genetical variation was detected for important agronomic characters and the data for specific chromosomes was used to predict accurately the performance of substitution lines which had previously been developed. The relative merits of the method in comparison with established procedures for specifying varietal differences for single chromosomes are discussed.
INTRODUCTION
CYTOGENETICAL procedures have been developed in bread wheat, Triticum aestivum (2n = 6x = 42) to carry out interspecific and intraspecific transfers of whole chromosomes (Riley and Kimber, 1966; Sears, 1972; Law and Worland, 1973) . With respect to intraspecific transfers, single chromosomes can be transferred from one variety to another to form single chromosome substitution lines which consist of twenty pairs of chromosomes of one variety, termed the recipient and a single pair from a second variety, termed the donor. Such transfers can be carried out for each of the twenty one chromosome pairs, providing the appropriate aneuploid stocks, usually monosomics, of the recipient variety are available or can be developed.
Substitution lines have provided powerful tools for genetical analysis of agronomic characters in wheat (Law, 1966 (Law, , 1968 (Law, , 1972 Aksel, 1967; Law and Worland, 1973; Snape, Law and Worland, 1975 , 1977 . They also have the potential for making direct contributions to breeding programmes where varieties can be improved by the substitution of "useful" variation mediated by single chromosomes from other varieties (Law, Gaines, Johnson and Worland, 1979) . Alternatively, novel variants of successful varieties can be produced by single chromosome substitutions to exploit environments not previously open to these varieties (Law, 1980 ).
An essential prerequisite for the development of substitution lines however, either for use in genetical analysis or in breeding, is the successful identification of appropriate homologous variation between the proposed recipient and donor varieties for the chromosome(s) being studied. It is necessary therefore to have methods for identifying the chromosomes mediating varietal differences for quantitative characters and for assessing the homologous chromosome variation available between the recipient and potential donor varieties, in the early generations of a programme. The present paper describes a new procedure for the assessment of chromosome variation in a number of varieties simultaneously. This method, termed the backcross reciprocal monosomic method, has advantages over other methods currently used and compares the variation for a single chromosome from different varieties against that of a single tester chromosome. This method also enables the performance of any proposed substitution line to be predicted. The use of this method is illustrated by examination of homologous variation for chromosome 5A from wheat varieties of diverse origins.
BACKCROSS RECIPROCAL MONOSOMIC METHOD (i) Crossing procedure
Two generations of crossing are required to produce the appropriate lines for experimentation. The initial crosses require the choice of an appropriate tester monosomic line (2n = 41) for the chromosome being examined. This monosomic line is preferably of a variety which is intended to be a recipient in a substitution line programme but can be in any suitable variety. In the latter case the intended recipient variety is included in the crossing programme.
(a) Procedure using recipient variety monosomic as tester chromosome
The crossing procedure involved is shown in fig. 1 , using as an example variation for chromosome 5A. In the first generation, plants monosomic for the tester chromosome are crossed as female to all varieties under test. The progeny of these crosses will segregate for chromosome number, being either monosomic (2n = 41) or disomic (2n = 42) for the chromosome under test, the frequency of each depending on the frequency of nullisomic eggs in Generation 1: tester monosomic 5A x Variety A, B, C etc.
(2n=41)
Generation 2: tester monosomic 5A x F1 monosomic hybrid, Variety A 5A x tester monosomic 5A the monosomic. For most chromosomes the frequency of monosomic progeny is expected to be about 75 per cent (Sears, 1954) . All monosomic progeny will possess the 5A chromosome from the male parent, e.g. variety A, in the monosomic state on an F1 hybrid background for the other twenty chromosome pairs. These monosomic progeny can be identified either cytologically or by phenotype and are then used for a second generation of crossing.
In the second round of crossing the hybrid monosomics are crossed both as male and female to the monosomic tester line. Because of the differential transmission of monosomic chromosomes through the male and female gametes (Sears, bc. cit.) , when the F1 monosomic hybrid is used as male and the tester monosomic as female, the resulting monosomic progeny will possess, almost exclusively, the variety A chromosome in the monosomic state with backcross segregation for the remaining twenty chromosome pairs. However, when the monosomic hybrid is used as female and the tester monosomic as male the progeny will have similar backgrounds but possess the tester chromosome in the monosomic state.
Thus two sets of monosomic plants can be produced from the crosses involving each variety which differ only in their monosomic chromosome; the backgrounds on average will be the same, namely a backcross between the tester line and the variety. By growing these backcross reciprocal monosomic lines in a properly randomised and replicated experiment, estimates of the genetical differences for agronomic characters between the two sets can be obtained and these relate only to the differences between the homologous monosomic chromosomes. Thus each variety can be tested for variation for the chromosome under test against that of the tester chromosome and all chromosomes ranked accordingly, so that "useful" chromosomes can be identified and then used in a substitution line programme.
The above procedure compares the genetical effects of the chromosomes in the monosomic state. For certain chromosomes however, dosage effects of monosomy may be important and could mask the allelic variation present or, alternatively, exaggerate chromosomal differences. In this case it is necessary to take the backcross reciprocal monosomics a further generation so that disomics, homozygous for the alternative homologues, can be extracted from each monosomic line before effects are evaluated.
The populations of backcross lines produced from each cross may contain disomic plants, formed from euploid female gametes, as well as monosomics, although at an expected frequency of only about 25 per cent. For certain chromosomes, for example 5A, 2A, 2B, 2D these can be readily distinguished from monosomics because of the differences in phenotype caused by monosomy. However for other chromosomes, monosomics are indistinguishable from disomics without cytological screening. The presence of these disomics in the monosomic populations will tend to decrease the detectable chromosomal differences since such plants will be normal backcross plants and, on average, contribute the same to each reciprocal set. However, this effect is unlikely to be large and should only be important if disomics are transmitted differentially through the reciprocal lines.
A further complication which must be considered is the occurrence of nullisomic gametes in the pollen. Such gametes will form nullisomic plants when combining with nullisomic eggs or if combining with euploid female gametes, monosomic plants with the "wrong" monosomic chromosome, that is from the female line instead of the male line. However the frequency of such male gametes has been estimated as being less than 2 per cent (Law and Worland, 1973) so this is also unlikely to be a serious source of bias in estimating the effect of the homologous chromosome variation present.
Two cytological phenomena, however, could cause difficulties in producing correct reciprocal lines; first, the presence of translocations involving the chromosome being studied in certain of the varieties; second, univalent shift (Law and Worland, 1973) whereby nullisomic gametes from the female parent are deficient for a chromosome other than that being examined. Both of these phenomena can be detected, however, by cytological testing and incorrect lines removed from the analysis.
If suitable variation is identified in the sample of varieties tested then the development of appropriate substitution lines can be carried out. This can be achieved by using the backcross monosomic plants, having the variety chromosome in the monosomic state as male parents in further rounds of backcrossing to the recipient monosomic, until the recipient background is reconstituted. On selfing the disomic substitution line can be extracted.
(b) Procedure using a variety chromosome as tester chromosome
Although it is preferable to use an intended recipient monosomic as tester chromosome, any chromosome can in fact be used, by employing a modified crossing procedure as illustrated in fig. 2 . The first generation of crossing is the same as shown in fig. 1 , where all varieties are crossed to any suitable monosomic for the chromosome in question. In the second generation of crossing, the F1 monosomic hybrid for any chosen tester chromosome (here in variety A) is crossed reciprocally with all other F1 monosomic hybrids to produce sets of "backcross" reciprocal lines which are segregating for three genomes, namely the chosen starting monosomic, and the two varieties forming the F1 monosomic hybrids. However the reciprocal monosomic chromosomes relate only to the two varieties under test and evaluation of the reciprocal sets allows analysis of genetic variation between these variety chromosomes.
This procedure can, in fact, be elaborated further so that comparisons between other or all pairs of chromosomes can be carried out by making the appropriate sets of reciprocal crosses between the sample of F1 monosomic hybrids from the first generation of crossing.
(ii) Genetical expectations (a) Means
The genetical expectations of the means of each backcross reciprocal line for any variety crossed with the tester monosomic can be defined using the terminology of Mather and Jinks (1971) . The expectations for the initial monosomic generations and the extracted disomic generation are shown in table 1, where the subscripts refer to the chromosome effect (C) and the background (B). Here the effects are defined from an origin m. {d} defines the balanced homozygous difference between the variety chromosome and the tester chromosome. This can be a positive or negative effect depending on the direction of the backcross, that is, whether the variety chromosome carries a balance of increasing or decreasing loci relative to the tester chromosome. These expectations also assume that the hemizygous effect of the difference is the same as the disomic difference. However, for situations where dosage effects influence this difference, separate parameters for the monosomic and disomic effect need to be defined.
{}c8 and {I}cB define the balanced sums of the epistatic interactions between the chromosome being tested and the segregating background.
Here the sign of {}CB will again depend on the direction of the backcross, but will differ between reciprocals. The other parameters in table 1 define the effects of the segregating background which are, of course, the normal expectations for a backcross and selfed backcross generation as given by Mather and Jinks (bc. cit.) .
The difference between the pair of backcross reciprocal lines will reflect only the homologous chromosome variation and consists of the sum of the homozygous effect and the epistatic interactions, if present, with the segregating background. If differences are obtained between the estimates over the monosomic and disomic generations these will reflect either the dosage difference of the change in the coefficient of {J}cB, although in estimation the effects are always confounded. For each variety tested an estimate can be obtained of {d}. The relative magnitudes of these values can be used to compare and rank all chromosomes under test. is either a differential effect of disomics in the reciprocal samples, or a differential transmission of "switch" monosomics, or interactions which occur between the hemizygous chromosomes and the background.
The crosses involving different varieties may have different backcross variances. The magnitude of the variance will depend on the number, size and direction of gene differences between the background of the tester and the other varieties, and significant heterogeneity of these variances indicates 
EXAMPLE (i) Materials and methods
The example concerns an experiment carried out to examine variation for chromosome 5A in twelve varieties of different origins. This chromosome is known to carry genes affecting many important agronomic characters in wheat (Law and Worland, 1973) and the experiment was designed to look at a sample of winter and spring varieties since this chromosome carries a locus determining vernalisation requirement (Law, Worland and Giorgi, 1976) . The 5A monosomic line chosen as the tester variety was of the winter wheat Cappelle-Desprez. This variety has been an important parent in the development of high yielding British winter wheats and the complete set of monosomic lines of this variety were developed at the Plant Breeding Institute. These have also been used extensively as recipients in substitution line development programmes at the PBI where a number of different varieties have been used as donors. The twelve varieties chosen for examination represent firstly, a sample of British winter wheats, Mans Ranger, Hobbit, Sportsman and Villein; secondly a sample of diverse but mainly European winter wheats, Bezostaya I (U.S.S.R.), Mironovskaya 808 (U.S.S.R.), Poros (East Germany), Sava (Yugoslavia) and Atlas 66 (U.S.A.); and thirdly, three spring wheats, Highbury (England), Sicco (Holland) and Chinese Spring (China).
In the first generation of crossing, cytologically checked monosomic 5A plants of Cappelle-Desprez were crossed as female with all varieties. In the following generation the monosomic hybrid progeny were cytologically checked and crossed reciprocally with the Cappelle-Desprez monosomic 5A line. The backcross reciprocal monosomic progeny so formed were used for the present experiment.
The experiment comprised a winter sown randomised field experiment where each reciprocal family was represented by five plots. Each plot consisted of a row of eleven plants with a 10 cm spacing between plants within rows and a 30 cm spacing between adjacent rows. At maturity, monosomics, which could be readily distinguished from disomics on ear phenotype, were harvested and a range of agronomic characters measured on each individual plant. For the purpose of the present example the results will concentrate mainly on one character, final plant height.
(ii) Results The mean performance of each backcross reciprocal family, together with the difference between each pair of reciprocal families, ranked according to magnitude, is shown in table 2. Here, the standard error of the difference between means was calculated using the pooled variances of the plot means within crosses, which were homogeneous over crosses. Clearly there is genetical variation present for loci controlling height on chromosome 5A, and the relative size of effects would suggest that this chromosome has an important effect on final plant height. The probabilities of difference highlight the differences between the Cappelle-Desprez 5A and the 5A's of the varieties Bezostaya I, Mironovskaya 808 and Chinese Spring. However the differences for Sportsman, Atlas 66 and Villein also approach significance. Surprisingly, all of these chromosomes carry alleles which increase height relative to their homologue in Cappelle-Desprez. If these varieties are considered to carry a random sample of 5A homologues then the Cappelle-Desprez 5A appears to carry the extreme alleles for "shortness". The 5A chromosomes of the other varieties would appear to be equivalent to the Cappelle-Desprez 5A although in the case of Sicco, Sava and Poros slight positive effects are apparent. The analysis of variance of the reciprocal differences is shown in table 3. All items are highly significant. The significance of the variance of the mean effect of all chromosomes indicates that the mean positive deviation of 354 cm is significantly different from zero, confirming the view that Cappelle-Desprez carries alleles whose action is generally to decrease height relative to other 5A chromosomes. The significance of variation around this mean confirms that there are significant differences between the other chromosomes. Previous analysis of chromosome 5A (Snape, unpublished) has shown that at least two alleles controlling height are located on this chromosome and it is likely therefore that the gradation in effect found is due to allelic variation at these loci and that Cappelle-Desprez carries the decreasing alleles at all loci relative to the other chromosomes in this sample.
In table 2, there is significant variation between the backcross families which all have the Cappelle-Desprez 5A in the monosomic state. This indicates that there is genetic variation between the background chromosomes for genes controlling height. This was further suggested by the heterogeneity of the within-family variances for the twelve sets of reciprocal families, although no heterogeneity between reciprocals within sets was apparent. However it is difficult to assess the relative contributions of the background chromosomes and the 5A chromosomes to variation in plant height because of different genetical expectations for the background effects and the single chromosome effects. Further some of the varieties tested, for example, Hobbit, Sportsman, Villein, Highbury and Sava carry major dwarfing genes. Nevertheless it can be said that the difference of 9 cm between the extreme homologues is a large effect which would be of significance in a breeding programme.
(iii) Prediction
The value of assessing homologous chromosome variation can only be realised if the effects estimated using the backcross reciprocal monosomic method predict the performance of the substitution line of a particular chromosome. With respect to the present experiment, data are available to test the predictions for two of the chromosomes examined, Bezostaya I 5A and Chinese Spring 5A.
The Bezostaya I 5A chromosome has been substituted into CappelleDesprez at the Plant Breeding Institute using the recurrent backcrossing procedures described by Law and Worland (1973) . The disomic substitution was extracted after six backcrosses and this line was grown, together with the recipient, Cappelle-Desprez, in a randomised and replicated field experiment adjacent to the corresponding backcross reciprocal monosomic lines described above.
The mean performance of the lines for six agronomic characters is shown in table 4, where probabilities of difference'between predicted and observed performance are also presented. No significant differences between the two experiments were observed for any character although for spikelet number a predicted increase of the substitution line did not occur whilst for 50 grain weight no difference was predicted but the substitution line showed a significant increase. These results suggest that for ear emergence time, height, tiller number and grain weight per plant the chromosomal difference is not influenced by hemizygosity or differential interaction with the background. For this chromosome at least, the backcross reciprocal monosomic method is a good predictor of substitution line performance.
The second example concerns the performance of the Chinese Spring 5A in comparison with the Cappelle-Desprez 5A. Here, however, the roles of recipient and donor variety are reversed and the data concern the performance of the substitution of the Cappelle-Desprez 5A into Chinese Spring as the recipient. This line was developed at the PBI and had undergone seven backcrosses prior to evaluation. An experiment containing this line and Chinese Spring was grown from a spring sowing and these data, together with the performance of the respective reciprocal backcross monosomic lines for four characters, are shown in table 5.
Significant effects were predicted for plant height and a very close agreement was obtained between observed and predicted performance. For this character the Cappelle-Desprez 5A depresses the height of Chinese Spring almost exactly by the same amount that the Chinese Spring 5A increases height in the predominantly Cappelle-Desprez background found in the backcross line. For this character the method not only predicts performance in adjacent experiments but also over seasons. No difference was predicted for ear emergence time, grain weight or 100 grain weight, although for 100 grain weight a significant increase of the substitution line was observed resulting in a significant difference between observed and predicted performance.
Discussior
The development of backcross reciprocal monosomic lines provides a simple method for detecting homologous chromosome variation and predicting the likely outcome of carrying out a particular chromosome substitution. It can equally be used to define the complete genetical differences between any two varieties by carrying out backcross reciprocal crosses for each of the twenty one chromosome pairs. It thus provides a general chromosome assay procedure in wheat without the necessity of carrying out Kaltsikes, 1970) . However this requires monosomic lines for all the varieties and chromosomes being tested before the necessary crossing procedures can be carried out. This is a criterion which can now be satisfied for many genetical investigations due to the proliferation of monosomic sets in recent years. However for breeding purposes it is necessary to sample many different varieties for variation and it is unlikely that all the necessary monosomics would be available. The reciprocal monosomic method does have the advantage however, that only one generation of crossing, rather than two with the backcross reciprocal method, is required to produce the appropriate lines for evaluation. Other methods of detecting homologous variation, for example, the F2 monosomic method (Larson, 1966; Maystrenko, 1974) and the F3 bulk method (McKewan and Kaltsikes, 1970) do not have the reliability of these two reciprocal cross methods because in estimating effects they confound the effect of homologous chromosome variation with chromosome dosage.
This makes it difficult to make any prediction of substitution line performance from such methods, or even to ascribe varietal differences to particular chromosomes.
The agreement obtained between predicted and observed substitution line performance from the experiments was very encouraging. Obviously for characters such as final plant height and ear emergence time, which have high heritabilities/repeatabilities, good agreement might have been expected. However, worthwhile predictions were also obtained for plant yield, a character of low heritability. Also, a wide range of variation affecting plant height was uncovered. Not surprisingly, the greatest differences were found for the 5A chromosomes of varieties distantly related to Cappelle-Desprez such as the two varieties from the U.S.S.R., Bezostaya I and Mironovskaya 808, as well as Chinese Spring. The 5A effects associated with these varieties are large and would be of significance in any plant breeding programme.
The method therefore provides the means of surveying homologous chromosomal effects from a range of varieties. It allows these effects to be ranked, and by so doing identifies those chromosomes having effects sufficiently large as to be of major effect when substituted into a particular breeding programme. This identification should also make it possible to improve the performance of established varieties in a directed manner using the method of inter-varietal chromosome substitution.
